Background Chronic stress is associated with suboptimal health status (SHS) which is a new public health challenge in China and worldwide. Plasma stress hormones may act as potential objective biomarkers for SHS measure. This study was aimed to evaluate the diagnostic performance of plasma cortisol, catecholamine adrenaline/noradrenaline, and SHS questionnaires (SHSQ) for SHS using latent class analysis (LCA) in the absence of a gold standard. Methods A cross-sectional study was conducted among 868 employees in Beijing. The SHS questionnaires-25 (SHSQ-25) was distributed, and plasma cortisol, adrenaline, and noradrenaline were measured in the survey. LCA was used to assess the performance of both subjective and objective measures for SHS recognition. Results Akaike information criterion (AIC) and consistent AIC (CAIC) was 14.11 and 54.48 respectively, indicating that the model was well fitted. The sensitivity and specificity of plasma cortisol were 0.836 (95% CI 0.811-0.861) and 0.840 (95% CI 0.816-0.864), respectively. The area under curve (AUC) of receiver operating characteristic (ROC) of SHSQ-25 was 0.743 (95% CI 0.709-777), while the AUC of plasma adrenaline was 0.688 (95% CI 0.651-0.725). The prevalence of SHS in the investigated population was 34.78%. Conclusion Plasma cortisol is a valuable biomarker for SHS detection, whereas SHSQ-25 is more suitable for SHS screening in the population-based health survey. The accuracy and applicability of plasma adrenaline are inferior to cortisol and SHSQ-25, respectively. LCA has merit to evaluate performance of plasma cortisol, catecholamines, and SHSQ-25 for recognition of SHS in the absence of a gold standard test.
Introduction
In contemporary societies, there has been an increase in the number of people who suffer from suboptimal health status (SHS) which is characterized by functional somatic syndromes and absence of a definitive diagnosis [1] . Accumulating evidences indicated associations between psychosocial stress and a wide range of diseases including mental disorders [2, 3] , diabetes [4, 5] , and cardiovascular disease [6, 7] . Based on the perceived health complaints affected by chronic stress, we have established a questionnaire for measuring SHS (suboptimal health status questionnaire-25, SHSQ-25) [8] . The SHSQ-25 includes 25 items covering five dimensions: fatigue, the cardiovascular system, the digestive tract, the immune system, and mental status [8] . A preliminary diagnostic criterion for SHS (SHSQ-25 score ≥ 35) was also advanced [9, 10] . As a subjective health measure, SHSQ-25 has been recognized internationally and applied to the health survey among African, Chinese, and Caucasian ethnic groups [11] [12] [13] [14] . However, in order to better understand the etiology and progress of SHS, it is necessary that an objective criterion for SHS should be identified.
Our previous study confirmed the association between chronic psychosocial stress and SHS [12] . Persistent psychological stress can affect health through neuroendocrine pathways including hypothalamus-pituitary-adrenal (HPA) axis and sympathetic nervous system (SNS). The catecholamine (adrenaline, noradrenalin, and dopamine), produced by the SNS, and cortisol, produced by the HPA axis, are the major stress hormones and important mediators between psychological stress and several chronic diseases including impaired glucose and lipid metabolism and hypertension [15, 16] . Cortisol, adrenaline, and noradrenaline are important allostatic load biomarkers of chronic stress [17] . Salivary cortisol has also been increasingly utilized in the field of stress hormone research as a measure of HPA axis activation, particularly in the setting of psychological stress [18, 19] .
Although the stress hormones appear to be the potential biomarkers for SHS, there yet is no generally accepted Bgold standard^test to definitively categorize individuals as true SHS (SHS positive) or true health status (SHS negative). Latent class analysis (LCA) is a statistical technique commonly used to compare the performance of diagnostic tests in the absence of a gold standard test [20] . LCA uses available information to estimate potential variables that are difficult to observe directly and accurately, and to analyze potential structural relationships among potential variables [20] . LCA estimates the accuracy (sensitivity and specificity) of each test and the proportion of individuals truly positive in the population based on the observed frequency of the possible combinations of test results. In this study, we applied LCA to assess the performances of objective measurement of plasma adrenaline, noradrenalin, and cortisol, along with the subjective evaluation by SHSQ-25 for diagnosis of SHS, and to estimate the prevalence of SHS.
Materials and methods

Participants
A total of 868 participants (55.3% women) who took routine health medical examination were recruited from Health Management Center, Xuanwu Hospital, Capital Medical University. All participants were employees from companies in Xuanwu district and aged from 18 to 60 years old. The exclusion criteria were as follows: (1) suffering from major pathologies such as cardiovascular and cerebrovascular diseases; liver, kidney, and metabolic diseases; and tumors; (2) medicine consumption in the past 2 weeks; (3) trauma or acute diseases; and (4) psychiatric disorders.
This study was approved by the Ethical Committee of Capital Medical University (2015SY27), Beijing, and each participant signed an informed consent form.
Data collection
Information about demographic data, medical history, and current medication were collected by a structured questionnaire [21] . SHS was measured by the SHSQ-25, a selfreported questionnaire validated in various populations [8, [11] [12] [13] [14] 22] . Each participant was asked to rate a specific statement on a five-point Likert-type scale, based on how often they suffered various specific complaints in the preceding 3 months: (1) never or almost never, (2) occasionally, (3) often, (4) very often, and (5) always. The score of each statement was recoded as 0 to 4. SHS scores were calculated by summing the ratings of the 25 items. SHS score ≥ 35 represents SHS and < 35 represented an ideal health status [9] .
Plasma collection
Following a 10-h overnight fast, peripheral blood (5 ml) was collected using EDTA-containing tubes between 7:30 and 8:30 a.m. after a 0.5-to 1-h period in health examination area to allow acclimatization to the environment and staff. All blood samples were drawn from an antecubital vein with each participant seated. Samples were immediately centrifuged at 3000 r/s for 15 min at 4°C, and plasma was preserved at − 80°C until further analysis. Plasma cortisol, adrenaline, and noradrenaline were measured by commercial radioimmunoassays (RIA) (Beijing Sino-uk Institute of Biological Technology, China) using with a γ counter (XH-6020, North Institute of Bio-Tech, China) [5, 23] . The coefficient of variation (CV) of these assays were < 6.0% for the intra-assay and < 10.0% for the inter-assay, respectively. We measured the plasma stress hormones because it is convenient to obtain blood samples during routine physical examination. The RIA method is simple in operation and cheaper than highpressure liquid chromatography (HPLC) method and is more suitable for large-scale investigation. The reference range of cortisol, adrenaline, and noradrenaline were 50~280 ng/ml (1382-7739.2 nmol/L), 50-200 pg/ml (272.3-1092 pmol/L), and 100-570 pg/ml (591-3369 pmol/L) respectively. Strict quality controls were applied throughout all these assays.
Statistical analysis
The latent class model was used to assess the performance of plasma adrenaline/noradrenaline, cortisol, and SHSQ-25 for diagnosis of SHS. LCA was performed using a statistical model to define a latent variable that could be referred as a gold standard. LCA seeks to stratify the cross-classification table of observed (manifest) variables by an unobserved (latent) unordered categorical variable that eliminates all confounding between the manifest variables [20, 24] . The latent classes were estimated and characterized using two parameters: itemresponse probabilities and class prevalence, which is the probability of belonging to a latent class.
Supposing that the diagnosis of SHS by SHSQ-25, plasma cortisol, and adrenaline was initially recognized as the manifest variables A, B, and C, and the corresponding values were coded as i, j, and k, respectively. X was used to denote the latent variable (true SHS), and its classification was expressed as t. The formula for posterior probability P(A|X) that each individual response to manifest variable A, belongs to, conditional on latent class of true SHS,
In which, π AX it denotes the probability of an observation i belonging to a specific latent class t. The sensitivity (Se) and specificity (Sp) of the variable A can be calculated as [25] :
Similarly, the sensitivity and specificity of variables B and C can be obtained. The estimate was performed using Bproc (proceed) LCA^process in SAS 9.3 with the maximum likelihood (expectation-maximization, EM) algorithm [26] .
Results
Participant characteristics
This study obtained completed data of 868 participants including questionnaires and laboratory tests. Table 1 shows the characteristics of participants. The average age of the total participants was 44.3 years (SD, 7.8), and 55.3% were women. Most of them had a university degree (76.1%) and were administrative workers (85.3%).
Determination of the initial classification of each variable
The LCA model is commonly used to describe the relationship among a group of categorical variables. In this study, the measurements of the four variables (SHSQ-25 score, cortisol, adrenaline, and noradrenaline) are quantitative data. Before using the LCA model, all the subjects should be divided into two categories according to the four variables respectively.
In our previous study, based on the five major risk factors for SHS, the lower risk reference for SHS was screened and identified [9] . These factors included Bcompetition in work( never/almost never or occasionally), Breceive work beyond ability^(never/almost never or occasionally), Bphysical exercise^(yes), Bthere is a friend to confabulate with when you are in a bad mood^(often or always), and Byou can have a short rest during work^(often or always). The 90% quantiles upper level of the SHSQ-25 score among lower risk population was set as the cutoff point for SHS [9] .
The plasma concentrations of stress hormones of the participants were listed in Table 2 . In the current study, the initial classification of SHS according to cortisol and adrenaline/ noradrenaline were determined using receiver operating characteristic (ROC) curve with SHSQ-25 score ≥ 35 as the diagnosis criteria (Fig. 1) . The respective cutoff values were 173.0 ng/ml (4781.7 nmol/L) for cortisol (AUC = 0.629, 95% CI 0.590-0.668), 134.0 pg/ml (731.4 pmol/L, AUC = 0.524, 95% CI 0.483-0.565) for adrenaline, and 375.0 pg/ml (2216.6 pmol/L, AUC = 0.518, 95% CI 0.477-0.559) for noradrenaline (Fig. 1) . Since the concentrations of plasma adrenaline and noradrenaline were closely correlated (r = 0.959, P < 0.001), only adrenaline was used in further analysis. The original data were converted into a cross-classification table of the manifest variables (Table 3) .
LCA model fitting and parameter estimation
Beginning with arbitrary initial values, the EM algorithm was proceeded iteratively assuming that the number of sub-classes of Blue-collar worker 114 13.1 the latent variable was 2 (SHS and health status). In the maximization step, parameter estimates including conditional probability of each variable and probability of latent class were updated by maximizing the log-likelihood function. Preferred models are those that can minimize values of Akaike information criterion (AIC). The final AIC was 14.11 and consistent AIC (CAIC) was 54.48, indicating that the model was well fitted. Like AIC, those statistics of posterior probability were outputted automatically after running Bproc LCA^process [24, 26] .
After parameterization of the model, combined with the latent class conditional probability of SHSQ-25, cortisol, and adrenaline, the latent class 1 was defined as the healthy status (class 1) and 2 was defined as the SHS (class 2). Identification of SHS was according to a high posterior probability of SHSQ-25 (0.5840), cortisol (0.8261), and adrenaline (0.5745) (Table 4) . Finally, each participant was categorized into a specific subgroup according to the higher posterior probability of each latent class (Table 4) . Of the 868 subjects in the present study, 298 were defined as SHS and the other 570 were in the health status.
The diagnostic accuracy of the variables
Based on the model fitting, the diagnostic accuracy of SHSQ-25, cortisol, and adrenaline were also estimated (Table 5 and Fig. 2 ). In the surveyed population, the prevalence of SHS was 34.78% (95% CI 31.61-37.95%). Among the three variables, the performance of plasma cortisol was the best, with the sensitivity and specificity were 0.836 (95% CI 0.811-0.861) and 0.840 (95% CI 0.816-0.864), respectively, indicating that cortisol is a suitable biomarker for recognizing SHS. The cutoff value of plasma cortisol was 180 ng/ml (4975.2 nmol/L) for identifying SHS. The AUC of SHSQ-25 is 0.743 (95% CI 0.709-0.777) with moderate sensitivity and specificity, and the cutoff value of the SHSQ-25 score was 30. The SHSQ-25 is more suitable for screening SHS than plasma cortisol and adrenaline from the perspective of cost-effectiveness at a large population-based survey. The AUC of plasma adrenaline was 0.688 (95% CI 0.651-0.725), indicating its accuracy and applicability are inferior to cortisol and SHSQ-25, respectively. The average levels of SHSQ-25 and plasma hormones including A adrenaline, NA noradrenaline, P percentile, SHS suboptimal health status. a Classification of SHS group and health group was based on latent class analysis, *P < 0.001 Fig. 1 Receiver operating characteristic (ROC) curve analysis for plasma cortisol, adrenaline, and noradrenaline with SHSQ-25 score ≥ 35 as the initial diagnosis criteria for suboptimal health status (SHS) cortisol, adrenaline, and noradrenaline were significantly different between health group and SHS group ( Table 2) .
Discussion
It is generally believed that SHS is an early stage of chronic diseases, and a condition can be reversible, which provides a potential in term of predictive and preventive medicine [27] . The development of SHS reflects the concept that chronic diseases can be effectively prevented from occurrence and development. Reasonable evaluation and effective intervention measures can slow down or block the transformation from SHS to chronic diseases. Simple but reliable methods for identification of the individuals with SHS are of great importance for early prediction and reversal of unfavorable health state by prompt application of the particular health-supporting activities or procedures. In previous studies, based on the influence of chronic stress on main organs and systems of human body, perceived discomfort was measured by SHSQ-25 [7, [11] [12] [13] [14] 22] .
Under stress condition, cells of the paraventricular nucleus of the hypothalamus are activated to produce corticotropin-releasing factor (CRF), the major coordinator of the stress response. CRF acts on the anterior pituitary to promote the secretion of adrenocorticotropic hormone (ACTH), which in turn acts on the inner adrenal to initiate the synthesis and release of glucocorticoid (GC) hormones (cortisol in humans) [28] . Cortisol has strong effects in energy metabolism and immune inhibition and plays a role in the coordination of emotion and cognition [29] . At the same time, the sympathetic nervous system is activated to release catecholamines which promote glycogen and fat decomposition and blood flow redistribution [29] . These reactions are important protectors of the body in the short run. Yet, when the stress is repeated over a period of weeks, chronically elevated cortisol can cause damage and accelerate the process of disease [3] [4] [5] [6] 29] . To date, SHS has been proved to be associated with increased blood pressure, plasma glucose, and hyperlipoidemia and contributes to the development of cardiovascular disease [11, 13, 30] .
Investigation in an occupational population showed that significantly higher levels of plasma cortisol and decreased mRNA expression of glucocorticoid receptor (GRα) were observed among the high SHS score group [12] , indicating that reducing excessive responses of cells to cortisol stress is an important way of intervention on SHS. Given the evidences, we assumed that plasma cortisol may be an important biomarker of SHS from the perspective of predictive and preventive medicine. Salivary cortisol has been used increasingly as a biomarker of stress in a research setting, especially in studies examining psychological stress with repeated measurements [19] . We measured the plasma stress hormones because it is convenient to obtain blood samples during routine physical examination especially for follow-up studies.
LCA is a statistical method combining latent variable theory with classification variables. Its merit is to use the latent class to explain complex associations between a number of manifest categorical variables. LCA determines the least number of latent classes with manifest variables which are assumed to be statistically independent in a given data set [24, 25] . Typical LCA assumes that the observed data obtained by the investigators belongs to a certain level of a latent class variable x, and all levels are mutually exclusive and independent.
There are two parameters estimated by LCA, including probability of observations in each latent class and the Se sensitivity, Sp specificity conditional probabilities of each individual response to each manifest variable, conditional on latent class. Given the parameters, the posterior probability of individual belonging to each class can be calculated according to observed values of the manifest variables.
In this study, we applied LCA to classify SHS with multivariate data including measures of questionnaire and stress hormones. Based on the sensitivity and specificity obtained in this current study, the diagnostic performance of plasma cortisol is the best when compared with SHSQ-25 and plasma adrenaline, suggesting that the cortisol is a potential valuable biomarker for diagnosis of SHS. The cutoff value of plasma cortisol is 180 ng/ml (4975.2 nmol/L), which is higher than the initial cutoff value (173 ng/ml). Both sensitivity and specificity of SHSQ-25 are lower than those of cortisol, indicating it is more suitable for screening rather than diagnosing of SHS. The cutoff value of SHSQ-25 score is 30, which is lower than the initial cutoff value (35).
Early recognizing SHS by using SHSQ-25 and plasma cortisol are of economic advantage and operational applicability in the wide population. However, there are several limitations in our study. A single-point determination of stress hormones was not sufficient to be considered a definitive measure of HPA axis and SNS activity. Secondly, the measurement accuracy of plasma catecholamines might be influenced by some lifestyle factors such as exercise, smoking, and caffeine/ alcohol using. Additionally, both acute and chronic stress has been shown to be linked to Bdry mouth^syndrome (estimated by Dodds xerostomia questionnaire) and other symptoms and biomarkers [31] . BMulti-level diagnostics^may improve individualized prediction and medical services in the context of personalized prediction and prevention medicine.
Conclusion
By using LCA, we identified that plasma cortisol is a valuable biomarker for SHS detection, whereas SHSQ-25 is more suitable for SHS screening in the population-based health survey. Future studies are needed for the identification of other possible objective tests, besides cortisol (such as metabonomics, proteomics, and transcriptomics), in order to find Bthe gold standard^of SHS. Further, optimal mathematical methods and models for data analysis and data mining might be necessary in order to empower the methods of prediction and early diagnostics, especially for personalized prediction.
